Abstract-This paper presents experimental results on a visible light communications system utilizing organic light-emitting diodes (OLEDs) and 16-quadrature amplitude modulation. The modulation bandwidth of the OLED device is limited to 310 kHz and the signal is generated on carrier frequencies fc = {100, 200, 300} kHz for use across different regions of the OLED frequency response. We demonstrate how setting a specific carrier frequency can affect the system performance. The supported bit rates are 220, 640 and 260 kb/s for fc = 100, 200 and 300 kHz, respectively. The angular dependence of the system performance is also analysed.
I. INTRODUCTION
Organic light emitting diodes (OLEDs) have attracted both researchers and industrialists for their potential for employment in 'green' energy efficient applications such as solid-state lighting (SSL) or high-resolution display technologies. Moreover, their properties enable utilization in visible light communication (VLC) systems [1] . In spite of the fact that traditional LEDs made from inorganic materials are the most popular optical sources due to a high optical output power and substantially wider modulation bandwidths (several MHz [2] ), OLEDs represent an exciting subject for research. They offer very low production costs across their large area panels, which is in complete contrast with traditional LEDs that usually serve as a point source. On the other hand, their 3 dB modulation bandwidth is limited within the kHz region [3, 4] .
Organic semiconductors can be solution processed, which reduces the cost significantly. Typical OLEDs consist of thin film organic materials placed between two oppositely polarized electrodes, where one is typically indium tin oxide (ITO) due to being transparent for light emission. The typical luminous efficiency of OLEDs is 40-60 lm/W [5] , which represents a huge disadvantage in comparison to typical inorganic efficiencies of 120 lm/W, with the values up to 200 lm/W already demonstrated [6] . This is not expected to be a long term challenge, however, as white OLEDs have been reported with values of 150 lm/W [7] , making them suitable for future SSL and VLC systems.
Despite OLEDs still being in their infancy, one of their major applications to date is slow speed messaging and data transfers within the IEEE 802.15.7r standard [8, 9] , where significant results have been demonstrated in organic VLC (OVLC). For example, 10 Mb/s and 20 Mb/s transmission capacities were experimentally achieved using an OLED with 270 kHz [10] and 350 kHz [11] bandwidth, respectively. Both experiments were based on custom designed organic polymer LEDs (PLEDs) and equalization techniques such as least mean square (LMS) and multilayer perceptron (MLP) artificial neural network (ANN) filtering [5] were employed. The highest data rate ever achieved in OVLC was reported in [12] , where wavelength division multiplexing (WDM) and an MLP-ANN equalizer were adopted for individual PLED chips. The red and blue components supported 27.9 Mb/s and 18.6 Mb/s, respectively, while the green component offered 8.4 Mb/s. Thus, an aggregated capacity of ~55 Mb/s, and an ~2.75-fold increase over the previously reported highest data rate [11] . This also represents an ~100 times gain over the first reported OVLC system [5] , which is a remarkable improvement over the last 4 years.
The most popular modulation scheme employed in VLC is on-off keying (OOK) [2] , however, recently spectral efficiency modulation formats such as orthogonal division multiplexing (OFDM) [13, 14] and multiband carrier-less amplitude and phase (m-CAP) modulation have been adopted [15, 16] . Thus, in this paper we present a test of the commercially available OLED panel LG N6SA30 using quadrature amplitude modulation (QAM), which was utilized in the aforementioned OFDM and m-CAP VLC systems. We focused explicitly on the OLED performance, and therefore did not employ an equalizer, which can further boost the transmission rate. We show that transmitting the signal with f c = 200 kHz within the OLED bandwidth can provide data rates up to 640 kb/s within the 7% FEC limit. Moreover, angular dependency shows that the OVLC system support data rates of 160 kb/s with a tilt angle up to 48°. This is the important result because it could lead to use in advanced techniques, e.g., angle diversity.
The rest of the paper is organized as follows: OLED characteristics and experimental setup description are given in Section II. The results are illustrated in Section III and conclusions are drawn in Section IV.
II. EXPERIMENTAL MEASUREMENT

A. OLED characteristics
All electro-optic devices can be characterized by their L-I-V transfer function, where L is optical power, I is drive current and V is forward voltage. The measured L-I-V curve of the OLED LG N6SA30 is illustrated in Fig. 1 . To ensure that the OLED is operating in the linear region, we set the bias current to ~150 mA. The OLED radiation spectrum was measured using a Yokogawa AQ6370C spectrometer, see inset in Fig. 1 , with four major peaks emerging at 444, 474, 530 and 597 nm. As mentioned, the ability to produce large area panels gives OLEDs an advantage over traditional inorganic diodes. Nevertheless, it also reduces the 3 dB modulation bandwidth, since organic devices have a capacitor-like behaviour exhibiting low-pass filter character. The plate capacitance is given by:
where A and d are OLED photoactive area and thickness, respectively, and ε0 and εr are the permittivity of vacuum and the relative dielectric constant of the organic layer. For instance, εr of the organic materials such as LiF and NaCl is 9.036 and 5.895, respectively [17] . The thickness is typically around 1-200 nm. Clearly, an increase of the active panel area results in high capacitance and consequently device bandwidth reduction. The cut-off frequency is subsequently given by:
where R is the series resistance of the OLED. The OLED used in this paper has 99 mm × 99 mm (width × height) dimensions. Thus, the total OLED area is 9,800 mm 2 inducing high device capacity and low modulation bandwidth according to (1) and (2), respectively.
The measured OLED frequency response and noise levels are illustrated in Fig. 2 showing the 3 dB modulation bandwidth at 310 kHz. The frequency response can be divided into 3 regions: A, B and C. The significant attenuation in section A is caused by the high cut-on frequency of the bias tee, which results in substantial attenuation of the DC and low frequency components. This is well-known as the baseline wander (BLW) phenomenon. Such a bandpass shape causes a limitation on the system transmission capacity. Several methods were introduced to overcome the BLW effect such as a high impedance NAND driving circuit [1] . Next, section B shows the bandpass region of the OLED and finally, the attenuation outside the 3 dB bandwidth due to the low pass characteristics of the OLED is depicted in the section C. Thus, the bandpass bandwidth is just slightly over 200 kHz and significant attenuation outside this bandwidth should be expected. 
B. Experimental setup
The experimental test setup is depicted in Fig. 3 , with photograph inset. The Rhode Schwarz SMW200A vector signal generator was used to generate predefined pseudorandom binary sequence (PRBS) of length 2 15 -1. The data was mapped into 16-QAM constellation symbols following Gray coding. Individual symbols were pulse shaped using a square root raised cosine (SRRC) filter with a roll-off factor α = 0.15. The output signal from the signal generator was then mixed with a DC current using a bias tee ZX85-12G-S+ to set the OLED operating point into the linear region. Power of the injected RF signal was -4 dBm for all carrier frequencies. The optical signal was received by the Thorlabs detector PDA10A (150 MHz bandwidth) and captured by the Rhode Schwarz FSW26 spectrum analyser and further proceeded offline in MATLAB. The transmission span was set at 0.10 m for every measurement.
The error vector magnitude (EVM) was measured from the received constellation diagrams and the bit error rate (BER) of the system was consequently calculated by [18] :
where L and M are the number of levels in each dimension of the modulation system and the modulation order (here L = 4 and M = 16), respectively, and Q(·) is the Q function. The angular dependency was measured using the same setup as mentioned above for the range of β = 0 -90°, where β is the angle between the normal vectors nd and no that are perpendicular to the receiver and OLED plane, respectively, as illustrated in Fig. 3(c) .
III. RESULTS
In this section, the BER performance of the system for a range of fc and EVM angular dependency are analysed. We focused on setting the fc values correctly in order to cover different regions of the OLED frequency response. Thus, the signal is transmitted to utilize the frequencies below the cut-on and cut-off frequencies at fc = 100 kHz and 300 kHz, respectively, and using the bandpass region at fc = 200 kHz, which is ideal for in-band transmission.
The BER performance for a range of symbol rates Rs is illustrated in Fig. 4 . We can see that fc = 300 kHz exhibits the worst performance for low values of Rs, while increasing Rs towards higher values results in faster degradation of the signal for fc = 100 kHz, with a crossing point at ~50 ksym/s. This phenomenon is caused by the increase of the total signal bandwidth being (1+α) times the symbol rate [19] . Clearly, the signal undergoes higher attenuation below the cut-on frequency than outside the 3 dB bandwidth as can be inferred from Fig. 2 . Thus, we experience higher BER performance deterioration for the boundary values of fc, resulting in the highest achieved bit rates Rb of ~220 kb/s and ~260 kb/s for fc = 100 kHz and 300 kHz, respectively, at the 7% FEC limit. The best performance is obtained for the signal at fc = 200 kHz due to the optimal bandpass bandwidth utilization. Such system supports data rate up to ~640 kb/s at the 7% FEC limit. The performance is further illustrated on the received constellation diagrams, which are shown in Fig. 4(b) , for Rs = 80 ksym/s at fc = 100 kHz, 200 kHz and 300 kHz in their respective colours. A very interesting feature of within the OVLC domain introduces angular dependency of the received signal from a large area panel. Both angular dependencies of the measured EVM and calculated BER performance are illustrated in Fig. 5(a) for a 16-QAM signal transmitted at fc = 200 kHz at Rs = 40 ksym/s. The tilt angle β was varied in the range 0 -90°. Clearly, the system supports data communication with a BER < 10 -6 (i.e., EVM < ~ -20 dB) up to the tilt angle of ~20° (from the main direction). Even higher tilt angles support (i.e., up to 48°) the data transmission within the 7% FEC limit (i.e., EVM < ~ 6-15 dB), which is significant for a range of applications such as mobility and protection against signal path blocking [20, 21] . Moreover, the performance of the system is further illustrated in Fig. 5 
IV. CONCLUSIONS
In this paper, we tested a large area OLED panel for low speed communication purposes within IEEE 802.15.7r. We showed that by optimal selection of the carrier frequency according to the OLED frequency response we can achieve data rates up to ~640 kb/s at a 7% FEC limit for fc = 200 kHz. This is a substantial improvement of ~190 % and ~173 % for fc = 100 kHz and 300 kHz, respectively, due to the high attenuation below the cut-on and the cut-off frequencies. We also showed that OVLC is able to support data transmission of 160 kb/s within a 7% FEC limit up to the tilt angle of 48°.
In our future work, we will focus on the optimized design of the driving circuit for OLED to reduce the attenuation at low frequencies and to achieve higher modulation index. 
